Although it is well established that stromal intercellular adhesion molecule-1 (ICAM-1), ICAM-2, and vascular cell adhesion molecule-1 (VCAM-1) mediate lymphocyte recruitment into peripheral lymph nodes (PLNs), their precise contributions to the individual steps of the lymphocyte homing cascade are not known. Here, we provide in vivo evidence for a selective function for ICAM-1 > ICAM-2 > VCAM-1 in lymphocyte arrest within noninflamed PLN microvessels. Blocking all 3 CAMs completely inhibited lymphocyte adhesion within PLN high endothelial venules (HEVs). Postarrest extravasation of T cells was a 3-step process, with optional ICAM-1-dependent intraluminal crawling followed by rapid ICAM-1-or ICAM-2-independent diapedesis and perivascular trapping. Parenchymal motility of lymphocytes was modestly reduced in the absence of ICAM-1, while ICAM-2 and α4-integrin ligands were not required for B-cell motility within follicles. Our findings highlight nonredundant functions for stromal Ig family CAMs in shear-resistant lymphocyte adhesion in steady-state HEVs, a unique role for ICAM-1 in intraluminal lymphocyte crawling but redundant roles for ICAM-1 and ICAM-2 in lymphocyte diapedesis and interstitial motility.
Introduction
To ensure rapid encounters between Ag and rare lymphocytes, strategically positioned secondary lymphoid organs (SLOs) filter, retain, and present Ag to passing lymphocytes. In case lymphocytes do not encounter their specific Ag on antigen-presenting cells (APCs), they exit SLOs after approximately 8 to 12 hours and reenter the blood stream via efferent lymphatics. As an adaptation to their motile lifestyle, lymphocytes undergo transient adhesive interactions with other hematopoietic and stromal cells. Lymphocytes interact mainly with 2 types of stromal cells: First, blood-borne lymphocytes adhere to endothelial cells, in particular those composing the high endothelial venules (HEVs) of peripheral lymph nodes (PLNs) and other lymphoid tissues. Second, T and B cells move along fibroblast-like cells forming the stromal network underlying the 3-dimensional matrix of lymphoid microenvironments, that is, the follicular dendritic cells (FDCs) of B-cell follicles, the T-cell zone fibroblastic reticular cells (TRCs) and marginal reticular cells (MRCs) in the cortex of B-cell follicles and interfollicular areas.
These transient stroma-lymphocyte interactions are central to immunosurveillance and have thus been examined in previous studies, in particular using genetically modified or inhibitor-treated lymphocytes. The molecular mechanisms governing the rapid firm adhesion of blood-borne lymphocytes within PLN HEVs follow a multistep adhesion sequence, where CD62L-mediated tethering and rolling on peripheral lymph node addressin (PNAd) expressed on HEVs is followed by activation of the chemokine receptor CCR7 on rolling lymphocytes. This is because HEVs present the CCR7 ligands CCL19 and, in particular, CCL21 on their luminal surface. CCR7 activation and shear forces from the continuous blood flow lead to a rapid conformational activation of LFA-1 leading to increased affinity for adhesion receptors of the intercellular adhesion molecule (ICAM) superfamily, in particular ICAM-1 and ICAM-2. Furthermore, chemokine-activated α4 integrins can bind vascular cell adhesion molecule-1 (VCAM-1) and mucosal addressin cell adhesion molecule-1 (MAdCAM-1). Rapid integrin activation results in a sudden stop of lymphocytes rolling in HEVs. The molecular mechanisms involved in the subsequent transendothelial migration (TEM) of firmly adherent lymphocytes across HEVs into the surrounding lymphoid tissue are less well understood, although in vitro studies suggest the formation of specialized docking/capping structures between endothelial cells and lymphocytes. In particular, ICAM-1 and VCAM-1 form circular structures surrounding adherent lymphocytes, which are thought to facilitate adhesion and trans-or paracellular lymphocyte crossing of the endothelial lining. After transmigration, twophoton microscopy (2PM) experiments have shown that T cells move along TRCs, which express ICAM-1.
Lack of ICAM-1 on stromal cells resulted in a minor decrease in T-cell motility, in line with a migration mode mostly driven by the Rac guanine exchange factor (GEF) dedicator of cytokinesis protein 2 (DOCK2) and Rac-dependent lamellipodia formation.
Despite recent in vitro observations, the precise roles for Ig superfamily members during individual steps of in vivo lymphocyte trafficking to PLNs-arrest and crawling on the HEVs, TEM across the HEVs and parenchymal motility-have not been examined thus far. Whereas ICAM-1 is expressed at low levels in most endothelial beds and is only increased during inflammation, it is constitutively expressed at high levels on HEVs.
ICAM-2 is constitutively expressed in most vascular beds including HEVs. Although ICAM-1 and ICAM-2 have been shown to be involved in lymphocyte homing to PLNs, their precise contribution to lymphocyte arrest and crawling on the HEV versus lymphocyte diapedesis has not been investigated. Furthermore, a role for α4 integrins during lymphocyte homing into PLNs remains controversial.
ICAM-1, VCAM-1 and MAdCAM-1 are also highly expressed on MRCs and/or FDCs, thus potentially contributing to interstitial B-cell motility. This may be particularly relevant because B cells are more dependent on ICAM-1 and VCAM-1 expression for successful migration into the splenic white pulp than T cells, and because B cells express high levels of α4 integrins, which can mediate lymphocyte crawling in vitro. Nonetheless, the role for CAMs during parenchymal B-cell migration has not been examined to date.
To address how and which stromal Ig CAM members contribute to adhesive interactions between lymphocytes and the lymphoid tissue microenvironment, we systematically investigated the roles of stromal ICAM-1, ICAM-2 and α4 integrin ligands during all steps of lymphocyte recirculation, from shear-resistant arrest to intraluminal crawling on HEVs, transmigration across the HEV and parenchymal motility within the PLN, using intravital imaging and 3-dimensional (3D) tissue reconstructions. Our findings support a model where ICAM-1 and -2 are required for most shearresistant lymphocyte adhesion in HEVs, whereas transmigration and parenchymal motility still occur in Immunobiology: Comprehensive analysis of lymph node strom... http://www.ncbi.nlm.nih.gov.ezp-prod1.hul.harvard.edu/pmc/art... the absence of either one or both molecules.
Methods

Antibodies and reagents
All monoclonal antibodies (mAbs) were purchased from BD Pharmingen unless otherwise indicated. For generation of mAb-conjugated quantum dots, see supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Mice
Male and female C57BL/6 mice were purchased from Harlan (Netherlands). ICAM-1 and ICAM-2 mice were previously described and backcrossed onto the C57BL/6 background for at least 8 generations. ICAM-1/ICAM-2-double deficient (ICAM-1/2 ) C57BL/6 mice were obtained by mating ICAM-1 and ICAM-2 C57BL/6 mice. Mice were bred in the central animal facility of the Department for Clinical Research of the University of Bern. All animal procedures were performed in accordance with the Swiss legislation on the protection of animals and approved by the veterinary office of the Kanton of Bern.
Intravital microscopy of inguinal PLNs
The left subiliac PLN of male and female 5 to 8-week-old C57BL/6 mice was essentially prepared as described previously. For more details and analysis, see supplemental Methods.
Short-term in vivo homing experiments
Short-term homing of fluorescently labeled T cells was carried out as described, with some modifications. For a detailed description, see supplemental Methods.
3D quantitative immunofluorescence
Fluorescently labeled lymphocytes were injected intravenously into wild-type (WT) recipient mice and allowed to home for 30 minutes before blocking further homing with anti-L-selectin mAb. After 30 minutes, PLNs were isolated, dehydrated in MeOH and transferred to a mixture of benzyl alcohol and benzyl benzoate (BABB) for tissue clearing. BABB-treated PLNs were then analyzed using a twophoton laser scanning microscopy (2PM) setup (LaVision Biotec). For a detailed description, see supplemental Methods.
2PM of popliteal PLNs
The popliteal lymph node of anesthetized mice was essentially prepared as described. Live 2PM was performed with an Olympus BX50WI fluorescence microscope equipped with a 20× NA objective and a TrimScope 2PM system controlled by Imspector software (LaVision Biotec). The track velocity is the average cellular velocity between start and end of track, the instantaneous 3D velocity is the velocity between 2 frames, and the turning angle describes the angle between the 2 velocity vectors before and after a measurement time point. The meandering index (MI) is calculated as the ratio of the distance between start and end point of an individual track and the total track distance. For more details and analysis, see supplemental Methods.
Statistical analysis
Data are presented as mean plus or minus SEM unless otherwise indicated. For comparison of sticking fractions before and after mAb treatment in identical venules, a paired Student t test was used. For 
Results
Reduced homeostatic lymphocyte numbers in ICAM-1/ICAM-2-deficient PLNs
To analyze the roles of ICAM-1 and ICAM-2 during lymphocyte trafficking, we generated ICAM-1 x ICAM-2-double deficient mice (ICAM-1/2 ). While WT PLNs showed high endothelial expression of ICAM-1 and ICAM-2, and variable expression levels in the parenchyma and in cortical regions, no expression of ICAM-1 and ICAM-2 was detected in ICAM-1/2 PLN sections ( Figure 1A ). We found no obvious alterations in PLN size and structure of either ICAM-1 or ICAM-2 single-deficient PLNs as described before (data not shown). In contrast, ICAM-1/2 PLNs were visibly smaller than WT PLNs. The overall structural organization with a clear separation of the lymphoid parenchyma into B-cell follicles and T-cell areas was preserved in the absence of ICAM-1 and ICAM-2 (Figure 1Ai and 1Avi) . Similarly, the parenchymal laminin network and basement membrane around blood vessels were comparable in ICAM-1/2 and WT PLNs (Figure 1Aii -v,vii-viii).
In line with the reduced lymphoid organ size, total lymphocyte numbers were reduced 6-fold in ICAM-1/2 PLNs ( Figure 1B ), whereas lymphocyte numbers from mesenteric lymph nodes (MLNs) and Peyer patches (PPs) were only 2-fold decreased ( Figure 1C-D) . Splenocyte numbers were comparable in WT and ICAM-1/2 mice ( Figure 1E and supplemental Figure 1 ). Similarly, thymocyte numbers and CD4 , CD8 single/double rations in the absence of ICAM-1 and ICAM-2 were similar to WT thymi (data not shown). We next performed a flow cytometric analysis of the lymphocyte subsets in WT and ICAM-1/2
PLNs. We were unable to detect significant differences in the percentages of CD4 , CD8 , and B220 cells, as well as CD62L, CD44, CD25, LFA-1 or α4 integrin cell surface levels (supplemental Figure 1) . In summary, the dual lack of ICAM-1 and ICAM-2 resulted in a strong decrease in PLN cellularity, while mucosal secondary lymphoid organs were less affected.
Preferential use of endothelial ICAM-1 over ICAM-2 for lymphocyte arrest in the PLN microvasculature
The phenotype of the ICAM-1/2 mice suggested deregulated lymphocyte trafficking to and/or within PLNs. Because lymphocyte trafficking involves adhesion in HEVs, TEM across the HEV and interstitial motility, we set out to investigate the roles of ICAM-1 and ICAM-2 in the individual steps of the lymphocyte homing process. First, we addressed the contribution of ICAM-1 and ICAM-2 during the multistep adhesion of circulating naive lymphocytes on HEVs of PLNs using intravital microscopy (IVM). In a first set of experiments, we injected fluorescently labeled WT lymphocytes into anesthetized mice surgically prepared to expose the inguinal PLN microarchitecture, in the presence or absence of blocking mAbs against ICAM-1 or ICAM-2. As predicted from previous studies using anti-LFA-1 mAbs, lymphocyte tethering and rolling was most efficient in small HEVs and not affected by inhibition of ICAM-1 or ICAM-2 ( Figure 2A ). In contrast, we observed a significant 3-fold reduction in the fraction of cells arrested for more than 20 seconds, the so-called sticking fraction, in the presence of blocking mAbs against ICAM-1, but not ICAM-2 ( Figure 2A Figure 2 ). Similar to the Ab-blocking experiments, the rolling fractions were not altered in the absence of ICAM-1 and/or ICAM-2 ( Figure 2C ). Absence of ICAM-1, but not ICAM-2, led to a 3-fold reduction in the lymphocyte sticking fraction compared with WT mice; after prolonged observation (> 30 minutes), ICAM-1-independent lymphocyte accumulation could nonetheless be detected (data not shown). Administration of anti-ICAM-2 mAbs resulted in a further significant (35% ± 10%, mean ± SEM) reduction of lymphocyte arrest in ICAM-1 venules, indicating that endothelial ICAM-2 can partially compensate for the lack of ICAM-1 ( Figure 2D ). Accordingly, the sticking fraction of naive lymphocytes was reduced by 87% (± 35%) in ICAM-1/2 mice compared with WT mice (supplemental Videos 1-2). The low number of residual firmly adherent lymphocytes detected in ICAM-1/2
HEVs precluded a meaningful analysis of the alternative adhesion pathways using IVM (data not shown).
In conclusion, our data show that endothelial ICAM-1 plays a predominant role in shear-resistant arrest of naive lymphocytes in the PLN microvasculature. Importantly, the observed reduction of lymphocyte arrest in the absence of functional ICAM-1 delayed lymphocyte accumulation in PLN HEVs only during a short time window, presumably because recirculating lymphocytes eventually adhere through ICAM-2-dependent mechanisms. In addition, our findings suggest the presence of a minor, ICAM-1/2-independent lymphocyte adhesion pathway in a subset of small PLN HEVs.
Dynamic imaging of lymphocyte egress from HEVs
We next set out to use 2PM to examine the precise dynamics of lymphocyte transmigration across HEVs and the role for ICAM-1 and other CAMs in this process. To identify HEVs and blood lumen, we i.v. injected Alexa633-or quantum dot (QD) 655-conjugated MECA79 as specific anatomical landmarks for long-term observation of HEVs, together with a plasma marker, 15 minutes before recording (supplemental Videos 3-8). Fluorescently labeled naive T cells were injected intravenously at the time of onset of the recording and carefully tracked from the site of shear-resistant arrest within HEVs to their appearance within the lymphoid parenchyma. Transferred T cells, which colocalized with MECA-79 and plasma markers were defined as "luminal," while T cells that had crossed the MECA-79 lining but remained associated with it (< 20 µm distance) were defined as "perivascular." T cells, which were further than 20 µm away from the MECA-79 endothelial lining, were considered "parenchymal."
The tracking analysis uncovered that approximately two-thirds (68%) of the arrested T cells directly egressed from their site of firm adhesion to the underlying parenchyma (< 20 µm distance migrated; supplemental Video 4). In contrast, approximately one-third (32%) of T cells "crawled" on the high endothelial cells for more than 20 µm until transmigrating across the HEV into the perivascular space, with an average migrated distance of 53.8 (± 7.2) µm (mean ± SEM) and an average intraluminal dwelling time of 7.0 (± 1.0) minutes (Figure 3A -B; supplemental Video 5). Crawling T cells migrated along, against, or perpendicular to the direction of the blood flow (J.V.S., unpublished observations, 2009) and were characterized by a polarized shape, with an average migration velocity of 8.5 (± 0.6) µm/min ( Figure 3B ).
Irrespective of whether T cells were crawling or directly egressing, the actual "transmigration event," that is, crossing of the MECA-79 endothelial lining, was typically fast, with durations of 30 to 150 seconds between intraluminal and perivascular localization of individual T cells ( Figure 3A ; supplemental Videos 4-5). Transmigration was also often accompanied by significant shape changes of crossing T cells, with a thin protrusion followed by the quick translocation of the entire T-cell body (J.V.S., unpublished observations, 2009). After transmigration, we mostly observed a delay in further directed motility and low directional persistence, indicative of "perivascular trapping" around HEVs ( Figure 3A http://www.ncbi.nlm.nih.gov.ezp-prod1.hul.harvard.edu/pmc/art... stromal cells, we reasoned that the T-cell passage through the extracellular matrix and the surrounding cells was causing a decrease in velocity and directionality. Consistent with this assumption, perivascular T cells colocalized with laminin around HEVs ( Figure 3D ). Once T cells had moved approximately 20 µm away from the MECA-79 lining, we observed a sudden increase of migration velocity. Due to the limited tracking period, these parenchymal T cells showed high directionality and often disappeared rapidly from the field of view ( Figure 3C ).
During image analysis of transmigrating T cells, we noticed a rapid acquisition of a flattened, polarized cell shape in T cells that adhered inside HEVs. To further explore the molecular basis underlying dynamic lymphocyte transmigration through HEVs, we tracked adherent T cells lacking the actin cytoskeleton regulator DOCK2. Adherent DOCK2 T cells directly egressed from the site of adhesion, yet typically remained trapped in the perivascular location until the end of the recording (supplemental Figure 3 ; supplemental Videos 6-7). Thus, crawling on endothelium and egress from the perivascular location, but not transmigration itself, depended on DOCK2-Rac-mediated cytoskeletal activity, as observed in vitro. HEVs before transmigration; however, the average distance migrated by these cells was significantly lower than in the presence of ICAM-1 (29.5 ± 2.8 µm; Figure 3B and supplemental Figure 4) , indicating that ICAM-1 was required for efficient T-cell crawling on high endothelial cells. Because the endothelial surface distribution of ICAM-1 versus ICAM-2 may also affect cellular behavior, we performed in vitro experiments using purified ICAM-1 or ICAM-2 coimmobilized with CCL19 or CCL21. Similar to our in vivo observations, ICAM-1, but not ICAM-2, supported efficient 2-dimensional (2D) migration of naive T cells ( Figure 3E ). Comparable results were obtained when CXCL12 was used as promigratory factor (supplemental Figure 5) .
Comparable with WT PLNs, perivascular T cells showed low directional movement around ICAM-1 HEVs ( Figure 3C ). In vitro, LFA-1-ICAM-1 engagements between transmigrated T cells and endothelial cells occur on the abluminal side, raising the possibility that these interactions contributed to T-cell retention in the perivascular space observed here. Nonetheless, the perivascular dwelling time (8.0 ± 1.1 minute in WT PLNs vs 9.0 ± 1.1 minute in ICAM-1 PLNs), migration velocity, MI) and distance migrated were similar in the presence or absence of ICAM-1, suggesting that LFA-1-ICAM-1 interactions are not causing T-cell retention around HEVs after transmigration ( Figure 3B-C) . Once the cells left the perivascular region around ICAM-1-deficient HEVs, they showed increased directional persistence and speed ( Figure 3C ), albeit less so than T cells in ICAM-1-expressing lymph node stroma (supplemental Figure 6 ; supplemental Video 10), as previously observed.
In summary, our data uncover a 3-step model of lymphocyte transmigration through HEVs, with ICAM-1-dependent intraluminal crawling in any direction as an optional first step. This is followed by the rapid crossing of the endothelial lining as a second step, which also occurs efficiently in the absence Immunobiology: Comprehensive analysis of lymph node strom... http://www.ncbi.nlm.nih.gov.ezp-prod1.hul.harvard.edu/pmc/art...
of ICAM-1. In a third step, T cells colocalizing with the basement membrane are retained in an ICAM-1-independent manner before entering the lymph node parenchyma and adopting their typical scanning behavior.
Successful T-cell transmigration across HEVs in the absence of ICAM-1 and ICAM-2
To further explore the contributions of endothelial ICAM-1, ICAM-2, or additional molecules for extravasation, we performed short-term in vivo homing assays where fluorescently labeled naive lymphocytes were injected intravenously into WT, ICAM-1 , ICAM-2 , and ICAM-1/2 mice. After 15, 30, or 60 minutes, PLNs were collected and analyzed by flow cytometry and immunohistology ( Figure 4A ). No significant difference in the absolute number of transferred lymphocytes was detected in ICAM-1 or ICAM-2 single-deficient PLNs (R.T.B., B.E., J.V.S., unpublished observations, 2009), despite the lower adhesiveness of ICAM-1
HEVs. Because blood-borne lymphocytes pass multiple times through HEV networks in the time course of a homing experiment, recirculating lymphocytes may eventually enter lymphoid tissue even in the absence of ICAM-1. On the other hand, transferred cells were reduced by 76% when both endothelial ICAM-1 and ICAM-2 were lacking ( Figure 4B ). All recovered T and B cells from WT and ICAM-1/2
PLNs were bona fide naive cells, as analyzed by CD62L and CD44 expression patterns (supplemental Figure 7) .
In cryosections of WT PLNs, we observed a time-dependent increase in the absolute number of transferred lymphocytes (data not shown), as well as a shift in their localization over time. At 15 minutes after transfer, only a few cells were found outside the HEV basal membrane and inside the PLN parenchyma, while most transferred lymphocytes were associated with HEVs, that is, either intra-or perivascular ( Figure 4C ). The percentage of parenchymal cells increased over time such that 60 minutes after adoptive transfer, only 1 of 5 transferred cells was intra-or perivascular ( Figure 4C ). The appearance of adoptively transferred cells was not impaired in the absence of ICAM-1 or ICAM-2 alone. In contrast, in ICAM-1/2
PLNs twice as many lymphocytes were found to be still associated with HEVs compared with WT and ICAM-1-or ICAM-2-deficient mice. Interestingly, a significant number of lymphocytes was still able to cross HEVs and to enter the PLN parenchyma in the absence of ICAM-1 and ICAM-2 ( Figure 4C ).
3D immunofluorescence analysis of ICAM-1/2-dependent and -independent lymphocyte adhesion pathways in PLN HEVs
Our data suggested that both ICAM-1 and ICAM-2 were required for efficient lymphocyte homing, yet lymphocyte homing to ICAM-1/2 PLNs was not completely abolished. This observation prompted us to search for the identity of ICAM-1/2-independent lymphocyte homing mechanism to PLNs. In particular, we wanted to address whether α4-or additional LFA-1 integrin ligands were involved in homing. To circumvent the limitation of the very low detectable number of transferred lymphocytes per 2D section in the absence of both ICAMs, we developed 3-dimensional quantitative immunofluorescence (3DQIF; supplemental Figure 8 ). This approach enabled us to scan a large PLN volume and to increase the number of detected cells in WT and ICAM-1/2
PLNs to up to several thousand per scan (Figure 5 A; supplemental Video 9). Furthermore, because the vasculature maintained its volume during processing, this approach allowed to clearly distinguishing intra-from perivascular cells (supplemental Figure 8 ). Using 3DQIF, we observed an 83% reduction in the absolute number of transferred lymphocytes in ICAM-1/2
PLNs after 60 minutes ( Figure 5B ). Lymphocyte pretreatment with anti-LFA-1 mAb caused only a minor decrease in the absolute cell number recovered from ICAM-1/2 PLNs, indicating that ICAM-independent LFA-1 ligands do not play a major role for lymphocyte adhesion. Blocking of α4-integrin alone caused no significant reduction of lymphocyte homing to WT PLNs, but almost completely inhibited lymphocyte homing to PLNs in mice lacking ICAM-1 and ICAM-2 Immunobiology: Comprehensive analysis of lymph node strom... http://www.ncbi.nlm.nih.gov.ezp-prod1.hul.harvard.edu/pmc/art...
( Figure 5B ). Next, we performed 3DQIF after administration of anti-VCAM-1 mAbs 30 minutes before cell transfer. Blocking of endothelial VCAM-1 in ICAM-1/2 recipient mice efficiently abolished residual lymphocyte homing ( Figure 5B ). In WT recipient mice, blocking of endothelial VCAM-1 also caused a significant further reduction in homing of lymphocytes pretreated with anti-LFA-1 ( Figure 5B ), indicating that VCAM-1 is also present at low levels on the WT PLN microvasculature. Genetic deletion of both ICAM-1 and ICAM-2 or blocking of LFA-1 led to a slight yet significant reduction in the percentage of lymphocytes present in the PLN parenchyma, and a concomitant increase in intra-and perivascular cells (Figure 5C-D) .
Thus, transmigration of transferred lymphocytes is only mildly impaired in the absence of ICAM-1 and ICAM-2, although overall homing is strongly reduced due to low adhesion in HEV. VCAM-1 is an alternative adhesion ligand, and perhaps also involved in the subsequent transmigration step.
ICAM-1 contributes to follicular B-cell motility
To examine whether follicular B-cell motility was affected by the absence of ICAM-1 and/or VCAM-1, we adoptively transferred B cells into WT and ICAM-1 recipients and performed 2PM analysis of their interstitial migration. Similar to observations in T cells (supplemental Figure 6 ; supplemental Videos 10-11), ICAM-1 deficiency caused a minor yet significant decrease of the migration velocity of B cells ( Figure 6A ; supplemental Videos 12-13). Treatment with blocking α4-integrin mAbs further caused a mild reduction in B-cell migration velocity and the accumulative MI as a measure for directional persistence ICAM-1 hosts ( To examine whether ICAM-1 on hematopoietic cells contributed to parenchymal B-cell motility, we generated bone marrow (BM) chimeras in which WT BM cells were allowed to reconstitute the hematopoietic compartment in WT and ICAM-1/-2 mice. Adoptively transferred B cells showed a migration velocity decrease in the ICAM-1/-2 parenchyma of reconstituted mice similar to ICAM-1-or ICAM-1/-2-deficient PLNs ( Figure 6D ), indicating that ICAM-1 or ICAM-2 on hematopoietic cells do not contribute to parenchymal B-cell migration. Further blocking of α4 integrin activity did not further reduce B-cell motility in ICAM-1-2 BM chimeras (data not shown). The increased turning angle in ICAM-1/-2 BM chimeras indicated less directionality ( Figure 6D ), perhaps because of reduced guidance by stromal structures.
As a conclusion, stromal ICAM-1 contributes to follicular B-cell motility and directional persistence, while ICAM-2, VCAM-1, or MAdCAM-1 do not significantly enhance the scanning behavior of parenchymal B cells under homeostatic conditions.
Discussion
Lymphocyte maneuvering into and within lymphoid tissue requires transient adhesive interactions with stromal cells. Here, we performed an in-depth analysis of the contribution of the major Ig superfamily members expressed on these cells for efficient T-and B-cell trafficking. We used both genetic and mAb-blocking approaches to interfere with the lymphocyte's ability to bind ICAM-1, ICAM-2, and the α4 integrin ligands VCAM-1 and MAdCAM-1 on PLN endothelium and stroma cells. We found that ICAM-1 plays a dominant role for shear-resistant adhesion and intraluminal crawling, yet adhesion can also be Previous studies by Hamann and colleagues using homing assays have uncovered redundancy for ICAM-1 and ICAM-2 during lymphocyte accumulation in PLNs. Genetic models and mAb blocking studies showed an essential role for LFA-1 during firm arrest of rolling lymphocytes inside HEVs. In line with these observations, we found that shear-resistant lymphocyte adhesion was strongly reduced in ICAM-1/2
PLNs. MLN and PPs were also reduced in their cellularity, although the decrease was less strong presumably due to the expression of the alternative integrin ligand MAdCAM-1. LFA-1 inhibition did not further reduce lymphocyte adhesion in the absence of ICAM-1 and ICAM-2, indicating that no other LFA-1 ligands are involved in lymphocyte homing. Rather, residual homing was dependent on VCAM-1. Because we did not detect intraluminal lymphocytes in 3DQIF-reconstructed PLNs, we conclude that VCAM-1 directly participates in shear-resistant firm arrest. This likely occurs in highly adhesive HEVs with small diameter, as our IVM analysis suggests. Thus, although additional LFA-1-and α4-binding Ig superfamily members, such as JAM-A and JAM-B, are present on HEVs, these molecules appear not to participate during shear-resistant adhesion. The reasons for this are currently unclear, but it is nonetheless conceivable that JAM family members play a supportive role during postadhesion events, such as transmigration, or during inflammation.
The observation that reduced lymphocyte homing to PLNs does not increase splenocyte numbers in ICAM-1/2 mice, despite a less stringent requirement for ICAMs in lymphocyte accumulation in the spleen, could be due to a direct role for integrin outside-in signaling for long-term survival of lymphocytes, or indirectly through reduced access to IL7-producing stromal cells found in lymph node tissue, but not in spleen.
Intraluminal crawling of neutrophils, NK T cells, monocytes and lymphocytes have been observed in vivo as an additional step during leukocyte trafficking.
Our data assign a nonredundant role to ICAM-1 during the crawling step, thus serving as a "scanning molecule," while ICAM-2 appears to act uniquely during firm adhesion and perhaps transmigration. A similar preference for ICAM-1 over ICAM-2 was observed for intraluminal neutrophils, although these cells use Mac-1, rather than LFA-1, for crawling in cremaster muscle venules. It is currently unclear whether crawling is required to reach an egress site, such as an endothelial junction, or whether cells can undergo both para-and transcellular transmigration. It will be interesting to examine whether the intrinsic basic crawling capability of naive lymphocytes may be more pronounced after activation, because effector memory T cells may use luminal scanning of peripheral blood vessels for efficient immune surveillance.
ICAM-1 and VCAM-1 play an essential role during leukocyte transmigration through endothelial cells in vitro.
Unexpectedly, although transmigration efficiency was delayed in the absence of both ICAM-1 and ICAM-2, around 75% of adoptively transferred T cells in ICAM-1/2
PLNs still managed to enter the lymphoid parenchyma in short-term homing assays. It is unclear at the moment whether VCAM-1 forms a hypothetical "docking/transmigratory cup" in the absence of endothelial ICAMs, and which may then be required for successful transmigration. Alternatively, adherent lymphocytes, through engagement of their α4-or β2-integrins, may form probing filopodia as a prerequisite for transmigration, even in the absence of specialized Ig superfamily-containing structures on HEVs. This model does obviously not exclude the formation of ICAM-1-, ICAM-2-and VCAM-1-containing FDCs and MRCs, suggesting similar molecular mechanisms guiding parenchymal motility of both cell types. In fact, recent observations support a common migration mode of hematopoietic cells relying less on integrin-mediated adhesive interactions and more on lamellipodia-driven amoeboid motility in low-shear 3D networks. This is contrasting with the ICAM-1-dependent migration on 2D surfaces we report here in vitro and in vivo, and likely reflects the different requirement for creating traction force in both circumstances.
To summarize, our data support a model in which Ig superfamily members, in particular ICAM-1 and ICAM-2, play a central role as anchorage proteins for shear-resistant firm arrest of lymphocytes in HEVs. Polarized intraluminal T cells crawl on ICAM-1; nonetheless, neither crawling nor presence of endothelial ICAM-1 was required for successful transmigration through PLN HEVs. Similarly, ICAM-1 on stromal cells increases the scanning efficiency, yet T and B cells still show considerable motility in the absence of ICAM-1. Homeostatic lymphocyte numbers within PLNs are achieved through carefully balanced T-and B-cell arrest and transmigration through HEV, followed by an inflammation-dependent dwelling time within the lymph node and egress via efferent lymphatics. Our data show that ICAM-1/2 deficiency affects mostly the very first step, that is, shear-resistant arrest, whereas the remaining steps are less affected.
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